Background and objectives: Deep brain stimulation (DBS) of the thalamus is a promising therapeutic alternative for treating medically refractory Tourette syndrome (TS). However, few human studies have examined its mechanism of action. Therefore, the networks that mediate the therapeutic effects of thalamic DBS remain poorly understood. Methods: Five participants diagnosed with severe medically refractory TS underwent bilateral thalamic DBS stereotactic surgery. Intraoperative fMRI characterized the blood oxygen level-dependent (BOLD) response evoked by thalamic DBS and determined whether the therapeutic effectiveness of thalamic DBS, as assessed using the Modified Rush Video Rating Scale test, would correlate with evoked BOLD responses in motor and limbic cortical and subcortical regions. Results: Our results reveal that thalamic stimulation in TS participants has wide-ranging effects that impact the frontostriatal, limbic, and motor networks. Thalamic stimulation induced suppression of motor and insula networks correlated with motor tic reduction, while suppression of frontal and parietal networks correlated with vocal tic reduction. These regions mapped closely to major regions of interest (ROI) identified in a nonhuman primate model of TS. Conclusions: Overall, these findings suggest that a critical factor in TS treatment should involve modulation of both frontostriatal and motor networks, rather than be treated as a focal disorder of the brain. Using the novel combination of DBS-evoked tic reduction and fMRI in human subjects, we provide new insights into the basal ganglia-cerebellar-thalamo-cortical network-level mechanisms that influence the effects of thalamic DBS. Future translational research should identify whether these network changes are cause or effect of TS symptoms.
A B S T R A C T
Background and objectives: Deep brain stimulation (DBS) of the thalamus is a promising therapeutic alternative for treating medically refractory Tourette syndrome (TS). However, few human studies have examined its mechanism of action. Therefore, the networks that mediate the therapeutic effects of thalamic DBS remain poorly understood. Methods: Five participants diagnosed with severe medically refractory TS underwent bilateral thalamic DBS stereotactic surgery. Intraoperative fMRI characterized the blood oxygen level-dependent (BOLD) response evoked by thalamic DBS and determined whether the therapeutic effectiveness of thalamic DBS, as assessed using the Modified Rush Video Rating Scale test, would correlate with evoked BOLD responses in motor and limbic cortical and subcortical regions. Results: Our results reveal that thalamic stimulation in TS participants has wide-ranging effects that impact the frontostriatal, limbic, and motor networks. Thalamic stimulation induced suppression of motor and insula networks correlated with motor tic reduction, while suppression of frontal and parietal networks correlated with vocal tic reduction. These regions mapped closely to major regions of interest (ROI) identified in a nonhuman primate model of TS. Conclusions: Overall, these findings suggest that a critical factor in TS treatment should involve modulation of both frontostriatal and motor networks, rather than be treated as a focal disorder of the brain. Using the novel combination of DBS-evoked tic reduction and fMRI in human subjects, we provide new insights into the basal ganglia-cerebellar-thalamo-cortical network-level mechanisms that influence the effects of thalamic DBS. Future translational research should identify whether these network changes are cause or effect of TS symptoms.
Introduction
Often presenting a constellation of unusual repetitive movement and vocalization behaviors, Tourette syndrome (TS) is a complex, developmental neuropsychiatric disorder. In many cases, it generally resolves with maturation, however, severe cases can persist into adulthood and can have a serious impact on patient quality of life and medical resources (Crossley and Cavanna, 2013) . Clinically, TS is defined by persistent stereotypic motor and vocal tics, and by pre-tic premonitory urges or compulsions (Albin and Mink, 2006; Hallett, 2001; McGuire et al., 2016) . The combination of motor and neuropsychiatric symptoms (Cavanna et al., 2017) , suggests that the pathophysiology of TS is mediated by dysregulation of the basal ganglia-cerebellar-thalamo-cortical (BGCTC) networks, involving frontal, limbic and motor areas of the basal ganglia (BG) (Caligiore et al., 2017; Hallett, 2015; Krack et al., 2010) . In support of both motor and limbic BG circuitry involvement in tic generation, utilizing in vivo electrophysiology and imaging, McCairn et al. found that in nonhuman primates (NHP), focal disinhibition of putamen (PT) and nucleus accumbens (NAc) can induce myoclonic (motor) and vocal (limbic) tics, respectively (McCairn et al., 2016) . This led to the suggestion that, despite BG-located focal abnormalities, TS-like states should be considered as functionally specific, global network dysrhythmias (McCairn et al., 2009 (McCairn et al., , 2013b (McCairn et al., , 2016 .
For participants with severe, medically refractory TS, deep brain stimulation (DBS) is increasingly considered a viable option (Ackermans et al., 2011; Maciunas et al., 2007; Testini et al., 2016b; Vandewalle et al., 1999) . DBS is thought to relieve symptoms of conditions by applying relatively small amplitude electrical stimulation to dysfunctional brain networks and modulating pathological brain activity at the stimulation target site with up and downstream network effects playing a prominent role (Da Cunha et al., 2015; Kringelbach et al., 2007; McCairn et al., 2015) . DBS of the thalamus has been reported to alleviate both motor and vocal tics in TS (Huys et al., 2016) , but its therapeutic and network mechanisms remain unknown.
Located in the posterior intralaminar thalamus, the centromedian and parafascicularis complex (CMPf) is uniquely situated to modulate both motor and limbic networks (Eckert et al., 2012; Kim et al., 2013; Sadikot and Rymar, 2009) and has thus been considered a viable DBS target for TS (Testini et al., 2016b) . As part of the diffuse thalamocortical projection system, the CMPf sends direct neuronal projections to limbic areas, including amygdala (AM) (Ottersen, 1981) , hippocampus (HP) (Cavdar et al., 2008) , anterior cingulate cortex (ACC), and insula (Eckert et al., 2012; Van der Werf et al., 2002) . The CMPf also has extensive projections throughout the striatum (caudate/PT), NAc, and globus pallidus (Berendse and Groenewegen, 1991; Eckert et al., 2012; Jayaraman, 1985; Macchi et al., 1984) . The CMPf complex of thalamus provides unique access to both motor and limbic networks that has been shown to be related to complex tic behaviors in NHP-TS models (McCairn et al., 2016) .
Here, we address the proposed global network dysrhythmia hypothesis as inferred from NHP-TS studies by determining correlates of brain wide activity induced by DBS using high frequency stimulation (HFS) of the thalamus (CMPf) with reductions in TS symptoms (motor and vocal tics). DBS surgery was performed on participants with severe medically-refractive TS who exhibited complex motor and vocal tics. Thereafter, BGCTC network properties were assessed using intraoperative (intra-OR) functional magnetic resonance imaging (fMRI) during thalamic HFS. This method has been previously used for thalamic HFS in essential tremor subjects (Gibson et al., 2016) . Intra-OR fMRI results were correlated with post-operative behavioral scores to measure tic frequency, severity, and impairment levels in which participants and judges were blinded to stimulation parameters (Goetz et al., 1999; Huys et al., 2016) . To further separate the possible intercorrelation effects between vocal and motor tic reduction, standard and partial correlation methods were used to separate out the unique portions of variation in each behavioral measure that were associated with fMRI blood-oxygen level dependent (BOLD) signal changes.
Materials and methods

Participants
This study included five participants (2 females, 3 males; mean age of 27 years) conducting a total of 25 fMRI scans with 12 tic behavioral score tests. The participants diagnosed with TS underwent bilateral CMPf DBS stereotactic surgery. The diagnosis of TS was based on the DSM-5307.22 diagnostic criteria for chronic motor and vocal (phonic) tic disorder (Association, 2013) . All participants were approved for surgery by the Mayo Clinic DBS Committee, which is composed of neurologists, neurosurgeons, psychiatrists, neuropsychologists, speech pathologists, and a biomedical ethicist. In all participants, TS symptoms predominantly affected the bilateral upper extremities with both simple and complex motor and vocal (phonic) tic, and in some participant's tremor also affected the head, jaw, and/or voice (Table S1 ). This study was approved by the Mayo Clinic Institutional Review Board, and all participants provided written informed consent. Clinical trial name and number: Functional Magnetic Resonance Imaging During Deep Brain Stimulation (DBS) to Treat Parkinson's Disease -NCT01809613; URL: https://clinicaltrials.gov/ct2/show/NCT01809613
Surgical approach
Each participant was secured within the Leksell™ stereotactic head frame (Elekta, Stockholm, Sweden) and a 1.5 T structural MRI (General Electric Signa HDx and 16× software) scan was performed prior to implantation using magnetization-prepared rapid acquisition gradientecho (MP-RAGE) sequence (Gibson et al., 2016) . The MRI data were merged with a stereotaxy human brain atlas (Schaltenbrand and Wahren, 1977) , and stereotactic coordinates were identified for the CMPf thalamic complex (9.5-11.0 mm posterior, 5.0-7.0 mm lateral, 1.5-3.0 mm inferior to the mid AC-PC line). Quadripolar 3387 dB leads (Medtronic, Minneapolis, MN) were implanted bilaterally and lead placement was confirmed by computed tomography (Sensation 64, Siemens): image resolution: 0.59 × 0.59 × 1.00 mm 3 . With reference to a functional probabilistic human brain atlas (Eickhoff et al., 2007) , post-hoc analysis of CT-MR fusion data of the region of thalamus occupied by the DBS lead electrode contacts implanted confirmed that they were centered on prefrontal and premotor thalamus (Supplementary Fig. S2 ).
Intraoperative functional MRI
The intra-OR fMRI experiment was performed during pulse generator implantation surgery, 1 week after the DBS lead implantation surgery (for detailed methods, see (Gibson et al., 2016) ). After general anesthesia induction, a unilateral (right side) DBS lead was externalized under sterile conditions and attached to a custom wire connected to an external pulse generator (DualScreen 3628, Medtronic, Minneapolis, MN) outside the sterile field. To minimize the effects of susceptibility artifacts produced by subgaleal connectors, the laterality (right in five participants) of the connected lead was selected such that it was contralateral to the implantable pulse generator (Knight et al., 2015) . Participants were then moved into the magnet bore and all scans were conducted with participants under general anesthesia (Gibson et al., 2016) . Average head specific absorption rate (SAR) values of < 0.1 W/ kg were recorded during the fMRI study in all the participants, and a board-certified MRI physicist was present during all the sessions (Gorny et al., 2013 ). An anesthesia team was also present during all sessions and vital signs were continuously monitored. For all sequences, a manufacturer's standard transmit/receive RF head coil was used (1.5-T quadrature head coil, model 46-28211862; GE Healthcare, Maple Grove, MN). The fMRI was acquired using 2-dimensional gradient echoecho planar imaging (GE-EPI): repetition time/echo time, 3000/50; flip angle, 90°; field of view, 22 × 22 cm; matrix, 64 × 64; slice thickness, 3.5 mm with a 0-mm gap thickness. For each acquisition, 135 volumes (the first five volumes were discarded for scanner equilibration) were acquired using a block paradigm, with five 6 s stimulation periods (two volumes) alternated with six 60 s rest periods (20 volumes), for a total time of 6 min 45 s per run. A total of 25 fMRI runs were collected, with each participant undergoing 4-6 runs of fMRI in a single session with 2 min of rest between each run. Four runs were consistent across all five participants. Bipolar thalamic HFS (90 μs width, 130 Hz, +3 V) was applied to the right DBS lead with the following contact configurations: 0-1+, 2-3+ with minimum of two repetitions for the same contact configuration. By convention, contact '0' refers to the most ventrallylocated contact on the quadripolar DBS lead, contact '3' is the most dorsally-located. The cathode or current source is denoted by '−', and '+' refers to the passive/return contact. Following fMRI, participants were returned to the operating room for pulse generator implantation.
Tic score evaluation
After three months of active bilateral DBS of the CMPf, four out of H.J. Jo et al. NeuroImage: Clinical 18 (2018) 502-509 five participants (one declined to participate) underwent the Modified Rush Video Rating Scale (mRVRS) test that allows double-blinded objective tic assessments (Goetz et al., 1999; Huys et al., 2016) . Each participant was blinded as to the stimulation settings, and underwent programming to three settings in succession, in a randomized order (n = 12): sham DBS (off), dorsal contact DBS (bilateral; 2-3+; +3 V; 130 Hz; 90 μs), and ventral contact DBS (bilateral; 0-1+; +3 V; 130 Hz; 90 μs). During application of each stimulation setting, participants underwent 10 min of videotaping according to the mRVRS protocol. In brief, participants were placed in front of a video camera in a quiet room, and full frontal body (5 min) as well as close-up head and shoulder views (5 min) were recorded. Five domains were evaluated by a neurologist blinded to the conditions with subspecialty training in movement disorders: number of body areas involved with tics, motor tic intensity, vocal tic intensity, frequency of motor tics, and frequency of vocal tics. Reductions in mRVRS scores relative to sham stimulation (⊿mRVRS; positive values representing reductions in score) were evaluated by Wilcoxon Signed Rank test.
Functional MRI processing
FMRI data were preprocessed and analyzed using AFNI (Analysis of Functional NeuroImages; http://afni.nimh.nih.gov) software packages (Cox, 1996) . The T1 anatomical image was aligned to the fifth volume of the EPI time series by affine registration using a local Pearson correlation cost function (Saad et al., 2009 ). The first four volumes of the time series were removed to ensure that all remaining volumes in the time-series were at magnetization steady state. Despiking and rigid body registration were used to estimate subject movement during EPI scans and to correct for slice acquisition timing (Cox and Jesmanowicz, 1999) . In all participants, estimated displacement due to head motion was < 0.5 mm in any given axis between successive time series volumes. The time series were then spatially transformed to the Talairach N27 brain template (Holmes et al., 1998) via affine transformation matrices estimated by registering T1-images to the N27 template. The spatially normalized EPI data were intensity scaled, and smoothed by a typical Gaussian blur of 4 mm full-width at half-maximum. At the individual session level, the general linear model estimated the shape of the hemodynamic response with respect to the timing of stimulation. To account for baseline drift and residual motion artifact, regressors included six motion parameters estimated during co-registration and a third-order baseline drift function. A regressor was created for the above-mentioned blocked stimulation paradigm, and convolved with a gamma-variate hemodynamic response function. Following the general linear model process, 25 beta-coefficient maps were obtained for the entire subject group. To obtain the stimulation-evoked activation map, showing both significant (FWE-correct p < 0.05) increases and decreases in BOLD activation in a number of network areas: 1) frontal: PFC, ACC, and OFC; 2) motor: sensorimotor cortex and cerebellum; 3) BG and thalamic regions; 4) limbic: AM, NAc, insula, and temporal lobe, including the parahippocampal gyrus in the medial temporal lobe; and 5) parietal and occipital lobes. (B) Brain cortical surface maps confirm increases in BOLD activity in the M1 that includes the entire motor strip (IL/RH), both increases and decreases in BOLD in the PFC (IL/RH), and decreases in BOLD in the ACC and OFC in both hemispheres. Decreases in BOLD were also found in the medial frontal cortex, including Brodmann's area 8 (IL/RH), increases in BOLD in the inferior parietal cortex (CL/LH), which includes Wernicke's area, and a wide range of increased BOLD activation in the parietal and occipital lobes in both hemispheres. See Fig. S3 and S4 for gray matter and white matter surface maps for anatomical confirmation. Abbreviations: ACC, anterior cingulate cortex; AM, amygdala; BG, basal ganglia; CA, caudate; HP, hippocampus; M1, primary motor cortex; NAc, nucleus accumbens; OFC, orbitofrontal cortex; PFC, prefrontal cortex; PT, putamen; BOLD, blood-oxygen-level dependent; fMRI, functional magnetic resonance imaging; FWE, family-wise error; HFS, high frequency stimulation; CL/LH, contralateral to the stimulation site at the left hemisphere; IL/RH, ipsilateral to the stimulation site at the right hemisphere; LH, left hemisphere; RH, right hemisphere. a group-level linear mixed-effects model was conducted to adjust for within-subject activation baselines, age, DBS contact, and voltage effects (Chen et al., 2014; Gibson et al., 2016; Gotts et al., 2013) . To confirm cortical ROIs, brain surface maps were created by performing cortical parcellation (Fischl, 2012) .
Correlation between stimulation-evoked BOLD signal and tic reduction
For correlation analysis, regions of interest (ROIs) were defined from the group activation map threshold at a significance level of family-wise error (FWE)-corrected p < 0.05 (two-tailed; |t| > 2.15; cluster size > 840 cm 3 ). Beta coefficients were extracted from individual activation maps, averaged within each ROI to determine Pearson correlations between ROI-averaged beta values and the ⊿mRVRS scores. In addition, individual voxels were identified that exhibited correlations between beta coefficient values and ⊿mRVRS scores. For this analysis, a Monte Carlo simulation indicated that an initial, voxel-wise threshold of FWE-corrected p < 0.05 was applied. As a final analysis, vocal and motor tic reduction scores were separated in the mRVRS score, and standard and partial correlation methods were applied to separate out the unique portions of variation in each measure that were associated with the BOLD signal changes.
Results
Thalamic HFS modulated brain areas that are relevant to tic generation
Intra-OR fMRI during thalamic HFS showed both increased and decreased BOLD activation in BG-thalamic and cortical motor and limbic network areas. These regions mapped closely to major region of interest (ROI) identified in the NHP-TS model related to tic generation (McCairn et al., 2016; supplementary Fig. S1 ). Thalamic HFS resulted in significant (FWE-corrected p < 0.05) BOLD signal changes across a wide range of brain networks: 1) frontal, including prefrontal cortex (PFC) and medial and lateral orbitofrontal cortex (OFC), and the ACC, 2) motor, including sensorimotor cortex and cerebellum; 3) BG and thalamic regions; 4) limbic, including AM, NAc, insula, and temporal lobe, including the parahippocampal gyrus in the medial temporal lobe; and 5) parietal and occipital lobes ( Fig. 1A and Table 1 ).
Brain cortical surface maps confirmed thalamic HFS-induced increases in BOLD activity in the primary motor cortex (M1) that included the entire motor strip. Changes in BOLD, both increases and decreases, were observed in the PFC ipsilateral to the stimulation site in the right hemisphere (IL/RH), and decreases in BOLD in the ACC and OFC in both hemispheres. This included decreases in BOLD in the medial frontal cortex, as well as Brodmann's area 8 (IL/RH) that involves complex movement planning. In addition, increases in BOLD were also found in the inferior parietal cortex in the contralateral, left hemisphere (CL/LH), which included Wernicke's area. The surface map also confirmed a wide range of increases in BOLD activation in the parietal and occipital lobes in both hemispheres (Fig. 1B) .
Neural correlates of tic reduction by thalamic HFS
Participants receiving thalamic HFS during clinical evaluation exhibited a significant reduction in tics (mean mRVRS score of 5.38 SEM ± 1.14) compared to participants receiving sham stimulation (mean mRVRS score of 7.25 SEM ± 1.98) (Wilcoxon signed rank test p < 0.05) ( Fig. 2A) .
Reductions in mRVRS score during thalamic HFS relative to sham stimulation (⊿mRVRS; positive values representing reductions in score) were used to correlate with the change in fMRI BOLD signal during thalamic HFS (⊿BOLD). The voxel-level correlation map was overlaid onto the fMRI activation surface map (Fig. 2BCD) . Tic reduction correlated with a complex pattern of both increases and decreases in BOLD signals. Positive correlations represent reductions in tics correlating with increases in BOLD and negative correlations represent reductions in tics correlating with decreases in BOLD. In subcortical regions, negative correlations were found in the PT and NAc (IL/RH) ( Fig. 2B) . Positive correlations were observed in the cerebellum spanning deep cerebellar nuclei and lobules IV and V (CL/LH) (Fig. 2C ). For cortical regions (Fig. 2D) , positive correlations were observed in the frontal cortex that include PFC, ACC, and OFC (IL/RH). The sensorimotor cortex corresponding to the hand, arm, and shoulder areas also showed a positive correlation (IL/RH). In addition, a wide range of parietal and occipital lobe regions showed positive correlations (IL/RH and CL/LH). In contrast, a negative correlation was seen in the medial frontal cortex containing Brodmann's area 8 and insula (IL/RH). Wernicke's area in the inferior parietal cortex also exhibited a negative correlation (CL/ LH). Areas in the temporal lobe showed mixed effects of both positive and negative correlations (IL/RH). The gray matter and white matter voxel-level correlation surface maps and fMRI activation surface maps are shown for anatomical confirmation in supplementary Figs. S3 and S4.
ROI-level correlation analysis was performed, as it would be less sensitive in spatial specificity compared to voxel-level analysis, but would have more representative values within the ROI (Table 1, 
Differential motor and limbic circuitry involvement in motor versus vocal tic production
We have previously shown in the TS-NHP model that disinhibition of neural activity in the sensorimotor striatum (PT), via microinfusion of the GABA A antagonist bicuculline, induced motor tics in the orofacial region and/or the arm region, absence of vocal tics. In contrast, pharmacological disinhibition of the NAc (limbic) induced vocal tics that primarily expressed as repetitive grunts (McCairn et al., 2016) . Regional cerebral blood flow (rCBF) PET imaging revealed that activation in M1 and the cerebellum showed significantly greater activation during motor tic production than during vocal tic production (t > 5.47, corrected p < 0.05) (Fig. S1A ). In contrast, the ACC, AM, and HP was significantly greater during vocal tic production than during motor tic production (t > 5.47, corrected p < 0.05) (Fig. S1B) . Similarly, regional BOLD changes induced by thalamic HFS in the TS participants closely overlapped with the bicuculline-induced motor and vocal tic changes in regional rCBF in the NHP brain, where the brain areas of motor and vocal tic activity were affected by thalamic HFS (Fig.  S1C) .
Motor and vocal tic reduction by different circuit effects
Differences in motor versus vocal tic reduction, as represented in the correlation map, were further investigated and found that there were distinct differences in the activation patterns. There was a negative correlation between motor tic reduction and BOLD signal in the sensorimotor cortex, insula, and BD 8 (IL/RH) (Fig. 3A) . In contrast, there was a negative correlation between vocal tic reduction and BOLD signal in the ACC in both hemispheres, and in the ipsilateral, right hemisphere's NAc and temporal lobe (IL/RH) ( Fig. 3B ). Of note, these differential motor and vocal tic network effects are consistent with the NHP-TS results (Fig. S1ab ). In the present study, both motor and vocal tic reductions had negative correlations with activation specific to the superior region of Wernicke's area in the inferior parietal cortex (CL/ LH) (Fig. 3AB ). In addition, in the sensorimotor strip, vocal tic reduction correlated positively with BOLD generally covering the whole strip specifically including the face area, while motor tic reduction correlated negatively with BOLD only in the hand, arm, and shoulder areas. There were also a wide range of both positive and negative correlations among motor and vocal tic reduction and parietal and occipital lobe BOLD signal.
Discussion
The present results support the premise that TS is not simply due to a focal disorder in the brain, but rather the tic state is associated with large scale network abnormalities that are consistent across individuals with TS (Caligiore et al., 2017) and supported by findings in animal models (McCairn et al., 2009 (McCairn et al., , 2013a (McCairn et al., , 2016 ). In addition, these same networks, both motor and limbic, are shown to be modulated by thalamic HFS in a symptom/network specific manner, and that these modulations strongly correlate with symptom improvement.
The application of brain imaging techniques and surgical interventions in individuals with TS and basic investigations in animal models have provided data into understanding the pathophysiology of TS (for review see (Hashemiyoon et al., 2017; Robertson et al., 2017; Testini et al., 2016a) . Some important insights have come from NHP studies which have demonstrated that TS-like behavioral symptoms are associated with discrete neural networks (Grabli et al., 2004; Worbe et al., 2013) and these behaviors are underlined by specific, abnormal firing patterns within the BGCTC. Metabolic and electrophysiological studies have identified dysrhythmia in the BGCTC network during evoked motor tics with notable local field potential spikes and temporal coding of single-unit activity in the BG, cerebellum, and M1 (McCairn et al., 2009 (McCairn et al., , 2013b . Vocal tics evoked by bicuculline-induced disinhibition of the NAc correlated with wide brain increases in measured blood flow on rCBF PET imaging in the limbic network that involved the ACC, AM, and HP (McCairn et al., 2016) , with similar activity being reported for limbic pallidal disinhibition in anesthetized NHPs (Galineau et al., 2017) . Similar electrophysiological abnormalities have been shown in the local field potential recordings in cortical BG recipient regions of the NAc. Enhanced coupling between subcortical and cortical regions were also associated with phase-phase coupling, especially in alpha brain wave activity (7-12 Hz) (McCairn et al., 2016) .
The results from the present study add to a growing body of evidence that TS should be considered a disorder of large scale cortical and subcortical global networks (Caligiore et al., 2017; McCairn et al., 2013b) . Traditionally TS was conceived as a focal disorder, relating to abnormal dopamine levels in the striatum, and subsequent dysregulation of action selection via indirect and direct pathways of the BG (McNaught and Mink, 2011) . Notable recent studies have revealed distinct cortical motor network pathology, for example, thinning of sensorimotor cortex in children with TS relative to controls (Sowell et al., 2008) , abnormally enhanced structural connectivity between sensorimotor cortex, thalamus, and striatum (Worbe et al., 2015) , observations of reduced intracortical inhibition within the motor cortex (Ziemann et al., 1997) and altered task-specific sensorimotor cortex activation (Thomalla et al., 2014) , which lends credence to the global network dysrhythmia hypothesis.
While recent studies in rodents has demonstrated that interactions between the PT and motor cortex determine where (PT) and when (motor cortex) tics will occur (Israelashvili and Bar-Gad, 2015; Yael et al., 2016) , our results also support an extended network model and replicate previous findings showing significant activation/abnormality of the cerebellum during the production of tics (Bohlhalter et al., 2006; Lerner et al., 2007; Stern et al., 2000) , and that the cerebellum is an integral part of the tic generating network. The cerebellum is known to have direct and indirect connections with the BG via intralaminar thalamic nuclei (Hoshi et al., 2005) . Therefore, it is possible that thalamic stimulation may directly activate the cerebellum or activate it indirectly through BG output and/or activation of cortico-cerebellar projections.
Tic reduction correlated with reduced activation in the striatum ipsilateral to stimulation. This result, perhaps not surprising, given the H.J. Jo et al. NeuroImage: Clinical 18 (2018) 502-509 pervasive striatal projections originating in thalamic CMPf, supports the premise that CMPf stimulation can modulate ongoing striatal activity . Individuals with TS display reduced striatal interneuron density (Kalanithi et al., 2005; Kataoka et al., 2010) , and selective inhibition of striatal interneuron activity has been shown to lead to TS-like behavior in NHP (McCairn et al., 2009) . Previous studies have shown that stimulation of the CMPf can induce excitatory, as well as inhibitory, responses in the striatum (Nanda et al., 2009 ). In addition, electrical activation of the CMPf has been shown to induce GABAergic inhibition of striatal acetylcholine release (Zackheim and Abercrombie, 2005) .
Since projections from the CMPf are topographically organized and span motor, limbic, and associative portions of the striatum, one might predict that stimulation would induce downstream effects on cortical areas in each of these categories. Previous neuroimaging studies have shown hyperactive metabolism in a range of motor, associative, and limbic regions in TS (Bohlhalter et al., 2006; Lerner et al., 2007; Pourfar et al., 2011) . The present study suggests that many of these regions, which include premotor and sensorimotor cortex, insula, temporal lobe, cingulate, and somatosensory association areas, are modulated by thalamic stimulation ). In addition, there are hypotheses linking the insula, ACC, and PFC to TS mechanisms mediating premonitory urge (Cavanna et al., 2017; Hallett, 2015) . Indeed, insula, ACC, and PFC activation have been shown to be correlated to premonitory urges as assessed in subjects undergoing a blink suppression test (Berman et al., 2012; Cavanna et al., 2017; Lerner et al., 2009 ). While resting state fMRI studies on TS show increased connectivity in the insula and the sensorimotor cortex (Tinaz et al., 2014) , the present results also show that tic reduction highly correlates with the BOLD signal changes in those areas, especially with motor tics. Therefore, thalamic stimulation might act through the insula and sensorimotor cortices to affect the premonitory urge-related motor tic response.
Some technical limitations must be considered for the results of this study. First, anesthesia may influence the DBS-evoked BOLD signal because patients received both inhaled halogenated ether anesthetic and intravenous fentanyl during fMRI acquisition. Second, the DBS electrode created a susceptibility artifact that reduced the strength of the BOLD signal along the electrode trajectory . The artifact could lead to an underestimation of DBS-evoked BOLD in the immediate vicinity of the electrodes, which may have affected the results of our correlation analyses within that region.
Conclusion
Overall, the present study shows that thalamic HFS in TS participants has wide-ranging effects that impact the frontostriatal, limbic, and motor networks. These findings suggest that thalamic HFS may suppress striatal output and reduce tic production via downstream effects in both the frontal and motor cortices. Furthermore, the present results suggest that the suppression of the motor and insula networks correlate with motor tic reduction, whereas suppression of frontal and parietal networks correlate with vocal tic reduction, implying it would be a critical factor to modulate both frontostriatal and motor networks for treatment of TS. Our study also provides unique translational information supporting the NHP-TS model. Future studies in clinical and preclinical research will be necessary to identify whether these network changes are cause or effect of TS symptoms.
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